This paper presents analysis and modelling of synergistic wear-corrosion performance of Nickel-Graphene (Ni/ GPL) nanocomposite coating and compares it with un-coated steel 1020 under reciprocating-sliding contact. A novel synergistic wear-corrosion prediction model incorporating Archard description with nano-mechanics and electrochemistry was developed for Ni/GPL and steel 1020. The model is equally applicable to any kind of nanocomposite coating and bulk material like metals. For various nanocomposite coatings; their respective mechanical parameters should be used as inputs such as poisons ratio (v), Elastic Modulus (E), Hardness (H), Coefficient of Thermal Elastic mismatch (CTE) and intrinsic grain size (Do). The synergistic wear-corrosion effects were significantly-prominent in steel compared to Ni/GPL especially under contaminated lubricating oil conditions. This behaviour of Ni/GPL attributes to compact, refined grain structure leading to minimal grain pull-out during wear cycles which was also assured by less severe micro-ploughing in Ni/GPL compared to severe microcutting in steel. The predictions and experimental results were in good-agreement. Modelling of synergistic effects of wear-corrosion applied to nano-composite coatings have never been presented prior to this research. The significance of this work in terms of precision based wear-corrosion synergistic analysis, modelling and predictive techniques is evident from various industrial applications. This work will bring impacts for both in-situ and remote sensor based condition monitoring techniques to automotive, locomotive, aerospace, precision manufacturing and wind turbine industries.
Introduction
A nanocomposite coating is a state-of the-art method of producing highly durable and reliable novel materials at room temperature for current advanced technological applications, for example automotive, defence and aerospace [1, 2] . A nanocomposite coating compared to other coating types provides excellent functional properties such as wear and corrosion resistance to the coated surface. The introduction of nano particles in metal matrix had found to be super strong in Tribological strength [3, 4] . Various nickel matrix nanocomposite coatings comprising diverse range of inert nano particles such as Al 2 O 3 , SiC, ZrO 2 , Graphene (GPL), TiO 2 and diamond, etc., have been electrodeposited by using distinct electrolytes having suspended nanoparticles [5] [6] [7] [8] [9] .
Synergistic wear-corrosion can be defined as "a process, where the removal of the material results from combined activities of mechanical and electrochemical mechanisms" [10] . Literature survey shows different numerical models for predicting wear mechanisms under the effects of mechanical and electrochemical parameters [11] [12] [13] [14] [15] [16] [17] [18] [19] . Initial wear-corrosion models only included the effects of either wear-on-corrosion or corrosion-on-wear but did not address the synergistic wear-corrosion process [11, 12, 14, 15] . In the last two decades, some advanced synergistic wear-corrosion models were developed as shown in Table 1 . A synergistic model developed by Garcia et al. [17] showed the relation of corrosion current density with worn area. Garcia's model was further modified by Goldberg [18] for corrosion currents generated as a result of scratching passive surfaces. Another advanced model was developed by Mischler et al. [19] for reciprocating contacts including the influences of material hardness and load on synergism. The prediction of synergistic wear-corrosion response of steel 1020 from all the models listed in Table 1 under lubricating oil condition contaminated with sea salt (Medium-II [ Table 2 ]) were compared with the experiment as shown in Fig. 1 . Our developed model showed more accurate prediction compared with the conventional models. The existing synergistic wear-corrosion models [11] [12] [13] [14] [15] [16] [17] [18] [19] can predict the synergistic wear-corrosion in only bulk materials (metals) and alloys however predicting the synergistic wear-corrosion performance of nanocomposite coatings is still a grey area in wear modelling. Predicting the effects of intrinsic nano-mechanics parameters, such as the eigenstresses, porosity, deposited grainsize and thermal mismatch of nanocomposites on their synergistic wear-corrosion has always been a challenge.
To address the above problem, a novel 2-D synergistic wear-corrosion model for nanocomposite coatings has been formulated by combining the popular Archard equation with the nano-mechanics and the electrochemical equations. The analysis uses gross slip conditions with wear corrosion, focusing on metal interfaces. In this paper the synergistic wear-corrosion performance of nanocomposite coating Ni/GPL was analysed and compared with the performance of un-coated steel 1020. The developed synergistic model can however be equally used for any kind of nanocomposite coating and bulk material. Similar studies in our group on coatings failures have been performed [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
Water and other non-conventional lubrication have been studied in other projects within NCEM, for example [31] [32] [33] [34] and is not within the scope of this research. The complexity of rotating electrolyte, inter-electrode spacing and relation to EIS (electro-chemical impedance spectroscopy) with varying constituents as salts, its molality and concentrations by weight percentage are challenging aspects in terms of in-situ corrosion condition monitoring. Previous and existing research projects within NCEM have been investigating marine applications where conventional lubricants are polluted. This includes Table 1 Some advanced synergistic wear-corrosion models.
Synergistic wear-corrosion models Developer Ref. Table 1 under lubricating oil condition contaminated with sea salt. non-conventional lubricants such as thermofluids. It was therefore, necessary to focus on the polluting constituents reference to conventional lubrication and study the synergistic effects. It is also important to note that for greater precision and validation of modelling, incremental variations, in electrochemical process was more preferable than an accelerated simulation when a highly corrosive medium, such as sea water is used. In essence, the focus is; contamination of lubricating oil, incremental EIS data acquisition, optimisation of 3-electrode system and developing a more robust and reliable model. This research was commenced to examine the following procedures: (1) How the equations for the synergistic wear-corrosion behaviour of nanocomposite coatings be developed by using Archard description combined with nano-mechanics and electrochemical equations? (2) How do the intrinsic nano-mechanics parameters such as the eigenstresses, porosity and grainsize and the electrochemical parameters such as the type and concentration of diffusing corrosive species influence the synergistic wear-corrosion process of the nanocomposite coatings? (3) How can the prediction for synergistic wear-corrosion effect on corrosion rate of nanocomposite coatings be performed, and which intrinsic nanomechanics parameter influence corrosion rate the most? (4) How to simulate the model and validate its reliability by comparison with the experimental results?
Experiment

Sample preparation
The nanocomposite coating Ni/GPL was deposited over rectangular steel disc samples by using pulse electrodeposition method. The thickness of coating on the samples was kept h ¼ 10 μm. The dimensions and surface roughness of samples was 30 mm Â 10 mm Â 3 mm and 0.04 μm respectively. Three samples for each test were prepared to ensure repeatability. All samples were surface conditioned by using ultrasonic treatment before coating deposition.
Bath solution containing Nickel(II) Sulfate Hexahydrate, Nickel(II) chloride and Boric acid was used with their individual concentrations of 240 g/L, 57 g/L and 42 g/L respectively. The dispersion of 4-6 nm sized Graphene nanoparticles in a solution was performed by using ultrasonic dispersion devise. The magnetic stirrer was constantly used for 12 h for good particle suspension in a solution prior to the start of coating deposition. The NaOH and diluted H 2 SO 4 were used to maintain the pH of solution between 3.0 and 3.5.
The parameters which were set the same throughout the deposition process are: current density ¼ 5 A/dm 2 , on-off pulse time ¼ 30-90 ms and duty cycle ¼ 30%. Pure nickel plate was used as anode and rectangular steel disc was used as cathode. The microstructural characteristics of Ni/GPL have been thoroughly discussed in Ref. [35] .
Testing procedure
Synergistic wear-corrosion experiments were performed by using a modified reciprocating test rig design as shown in Fig. 2 . Three conditions of lubricating oil medium were used to perform the synergistic wear-corrosion experiments, listed in Table 2 . The purpose for these three conditions was to compare the synergetic wear-corrosion behaviour of Ni/GPL under pure and contaminated oil conditions. Under each condition each experiment was repeated at least three times for repeatability. The experiments were performed for 15 h without interruption. Continuous monitoring of the wear volume and corrosion rates was performed during this duration. For comparative analysis, the synergistic wear-corrosion behaviour of steel 1020 under all three conditions was also examined. The reason of selecting steel 1020 for comparative analysis is its significant applications in bearing industry and its better wear-corrosion performance compared to other grades of steel [36] . The system contact was isolated in three ways during experimentation: the lubricating cup was made up of a non-conductive polymeric material; the experiments were conducted with a thin ceramic plate under the coated sample (working electrode); and the collects used inside the ball holder that isolated the carbon steel ball from the holder were non-metallic.
Reciprocating wear tests were performed against a carbon steel ball (R ¼ 5 mm radius) at the normal force P of 15 N with a sliding speed of 0.05 m/sec with a constant 2 Hz frequency and a linear displacement amplitude of δ g ¼ 2 mm using a test rig (Fig. 2) . The test rig was coupled to the test viewer software to monitor the wear-corrosion volume loss. Consstant displacement amplitudes δ g (stroke lengths) were applied, during the tests, characterised by the total number of wear cycles (i). Wear depth at any point along x-axis was denoted as h(x) with respect to the centre at x ¼ 0 as shown in bottom Fig. 2 . The displacement to the left of x ¼ 0 was -δ while to the right was þδ. Tribo-conditions were chosen to ensure sliding contact subject to the boundary lubrication regime and to permit retrieval of data before coating had completely failed.
ASTM G119-04 standard was followed to determine the synergism between wear and corrosion in each of the three oil conditions. A potentiostat was used to monitor the corrosion rate throughout the synergistic wear-corrosion experiment. The reference electrode (saturated calomel) and the counter electrode were placed near the sample for accurate measurements.
At the end of experiment the samples were kept in oil condition for 2 h to allow the surface re-passivation. After this step the samples were surface conditioned by using ultrasonic treatment before the respective wear tracks were analysed via 3D interferometer, Scanning Electron Microscope (SEM) and Energy Dispersive Spectroscopy EDS.
Experimental observations
Synergistic wear-corrosion effect
In Table 3 , the Post-test EDS micrographs for Ni/GPL and steel 1020 identify the elements and their concentration. EDS for every medium was conducted at least at five spectrum points located inside and outside the wear tracks however for illustration purpose, only one spectrum point is shown at inside and one at outside for each medium. Inside spectrum points were used to compare the wt% loss of elements inside the wear track from outside. The EDS results revealed that for both the Ni/GPL and steel, the highest wt% loss of elements inside the wear tracks was found in Medium-III and the lowest wt% loss was found in Medium-I.
The comparison of EDS results for Ni/GPL and steel showed the higher wt% loss of Fe in steel wear tracks compared to Ni in Ni/GPL wear tracks in all the three mediums. For example, the wt% loss of Fe in Medium-III was 40% compared to 28% loss of Ni. Likewise in Medium-II the wt% loss of Fe was 30% compared 13% loss of Ni. Similarly in Medium-I the wt% loss of Fe was 6% compared 4% loss of Ni. The lower wt% loss of Ni/GPL compared to steel in all the three mediums is linked with its microstructural properties [37] . Ni/GPL has compact, refined grains resulting in minimal transport of corrosive contaminants, water and oxygen which inhibits severe cracking avoiding under coat oxidation, and grain pull-out during wear cycles. Such behaviour of Ni/GPL resulted in small wt% loss compared to steel during synergistic wear-corrosion testing.
Another interesting EDS result is the presence of higher wt% of carbon inside the Ni/GPL wear tracks compared to steel, especially in Medium-II and III. The reason is that in the case of Ni/GPL wear tracks, some of the carbon is coming from the breakdown of carbon chains of graphene in addition to the significant portion of carbon coming from the wear of counter carbon steel ball. The counter carbon steel ball surface sliding against Ni/GPL exhibited higher wear weight loss ( Fig. 3 (a) ) compared to steel 1020 ( Fig. 3 (b) ). This seems to be an indication of somewhat compatible hardness of Ni/GPL (480 HV) [38] as that of counter carbon steel ball hardness (520 HV) [39] compared to steel 1020 hardness (126HV) [40] . The main reason for choosing the carbon steel ball is, its very high hardness (520 HV) and wider industrial applications. High hardness of steel ball is also significant in terms of benchmarking against Ni/Graphene for comparative studies.
The trends for synergistic wear-corrosion effect on corrosion rate (K CWÀC ) of both Ni/GPL and steel 1020, as shown in Fig. 4 (a) can be observed to constantly rise in corrosion rates right from the start of experiment in all mediums. Compared to Ni/GPL, steel showed 18.5%, 21.5% and 67.8% higher corrosion rates in Medium-I, II and III respectively. Likewise, in Fig. 4 (b) the synergistic wear-corrosion effect on current densities J ! of both Ni/GPL and steel 1020 showed that the current densities (J) stabilised after some time in all the mediums. However, similar to corrosion rates, the current densities were significantly low for Ni/GPL compared to steel. This behaviour of reduction in current densities and corrosion rates of Ni/GPL is attributed to the compact and refine grain structure of Ni/GPL, which prevents oxidation (wearcorrosion) of the Ni/GPL surfaces when present at sliding contact interfaces [41] .
Further in case of steel, there were also observed periods of acceleration in corrosion rates (Fig. 4 (a) ) and current densities (Fig. 4 (b) ) both in Medium-II and Medium-III compared to Medium-I, which are indicative of the steel wear debris inside the wear track. However, in case of Ni/ GPL, no such accelerated periods were observed in any of the Mediums which clearly indicate that Ni/GPL remained fairly intact during testing. The significant amount of steel wear debris in Medium-II would have increased the cell medium resistance accelerating the anodic reactions. While in Medium-III, significant amount of clear corrosive compounds including iron oxide were observed because the steel wear debris rapidly reacted with the salt plus water contaminants (forming aqueous NaCl) within the oil. These corrosive compounds interfered with the sliding ball resulting in severe cavitation and starved lubrication regions ( Table 4) .
The influences of lubricating oil contamination on the width of wear tracks was also analysed by using SEM, as illustrated in Table 4 . It can be clearly seen that Ni/GPL exhibited 0.304 mm, 0.518 mm and 0.809 mm wide wear tracks in Medium I, II and III respectively which were significantly small compared to 0.774 mm, 1.11 mm and 2.6 mm steel wear tracks. Moreover, Ni/GPL did not show any visible anomalies along the wear tracks for Medium-II and III, whereas the steel wear tracks exhibited significant cavitation because of contaminants at the sliding ball interface which accelerated the synergistic wear-corrosion effects during testing.
Evolution of corrosion rate without wear
The evolution of corrosion rates (K C ) of both Ni/GPL and steel 1020 without wear showed fairly linear behaviour throughout for all the mediums, as can be observed in Fig. 5 . For Ni/GPL, the corrosion rates for all the mediums almost overlapped, showing that Ni/GPL was minimally affected by contaminants. This behaviour of Ni/GPL can be attributed to its compact, refined grain which inhibits the transport of corrosive contaminants, in turn preventing intergranualar corrosion. However, the corrosion rates of steel for all the mediums, especially medium-II and III were significantly high. It is worth noting that the corrosion rates of steel without wear did not show accelerated periods of corrosion rates as were seen previously in the case of synergistic wear-corrosion K CWÀC experiment (Fig. 4 (a) ). This clearly indicates that the steel 'wear debris' during synergism were responsible for accelerated corrosion rates.
Evolution of wear rate without corrosion
39. The wear rates (K V ) without corrosion for both Ni/GPL and steel 1020 were observed only in Medium-I as it was an uncontaminated Table 3 The Post-test EDS micrographs for Ni/GPL and steel 1020 identifying the type of elements and their concentration.
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Tribology International 121 (2018) [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] medium. Fig. 6 shows the increasing trends of wear rates of Ni/GPL and steel with increasing time and Archard loading factor W. Where, Archard factor (also known as the total dissipated energy during wear cycles) is defined as the multiplication of normal force (P) with total sliding displacement (δ) i.e. P (N) x δ (m). Therefore, the accumulated Archard factor ( P W) is written as: [42] .
W ðiÞ ðNmÞ where W ðiÞ ¼ 4δg ðiÞ P ðiÞ ðNmÞ
Where W ðiÞ denotes the dissipated Archard factor at the ith wear cycle. The corresponding number of wear cycles (i) in Fig. 6 indicate that wear actually began beyond 8 K cycles for both Ni/GPL and steel. After 8 K cycles, the wear rates of the both materials for remaining cycles were observed to be increasing steadily with time but as obvious, during this period the wear rate of steel was quite high compared to Ni/GPL. Fig. 6 also shows linearly rising trends of wear volumes (V) for Ni/ GPL and steel. Wear volume is measured from wear rate (K V ) and accumulated Archard factor ( P W) by using a conventional Archard description as: Table 5 plots the evolution of normalised 'wear profiles' and normalised 'wear depth kinetics profiles' at various stages of wear degradation for Ni/GPL and steel. The wear profiles showed the "U-shaped" behaviour having a maximum wear depth always at the centre (x ¼ 0). It can be seen that at i ¼ 10,000 th cycle, Ni/GPL showed the normalised wear depth ¼ 0.19 while steel showed considerably high normalised wear depth ¼ 0.33. The wear profiles are the moving averages of measured surface interferometric values at various cycles. One such schematic example of interferometric wear profile is shown in red at i ¼ 10,000 for Ni/GPL. The 3-D interferometric image for Ni/GPL and steel at i ¼ 10,000 th cycle are shown in Table 5 clearly indicating that Ni/ GPL exhibited less severe micro-ploughing wear deformation compared to severe micro-cutting in steel. 
Where Δi is a single wear cycle.
A major decrease of the normalised wear depth kinetics profile corresponding to increasing cycles is observed. For example, at i ¼ 8000 th cycle, the normalised wear depth kinetics for Ni/GPL was 0.21 compared to steel (0.08). One more interesting thing is the evolution behaviour of the normalised wear depth kinetics profile initiating with the elliptical shape decreasing to the hertzian shape and finally becoming a quasi-flat shaped. The contact extremities in quasi-flat distribution (i ¼ 8000 th cycle and onwards) exhibit the type of wear deformation for example micro-ploughing in Ni/GPL showing slightly heighted contact edges while micro-cutting in steel showing almost full flat distribution. 
A synergistic wear-corrosion model
A step-wise synergistic wear-corrosion model is developed for the nanocomposite coating and can also be used for bulk materials like steel. This model uses the 'energy profile distribution concept' of wear depth kinetics presented by Fouvery [43] and integrates it with the nano-mechanics and electrochemical concepts.
As it is evident from the experimental investigations during this research as shown in Table 5 , that at the beginning of reciprocating-wear cycles they display a typical elliptical shape which reduces to hertzian shape, and after a few hundred cycles become a quasi-flat shaped as shown in Fig. 7 . The equations of the Archard factor density Wð0Þ (N m/ μm 2 ) and accumulated Archard factor density P Wð0Þwere developed by correlating the maximum wear depth h(0) (μm) at the wear scar centre (i.e. x ¼ 0) in relation to the corresponding wear depth kinetics h ðiÞ ðxÞ.
Archard factor density combined with nano-mechanics
An expression to compute the evolution of accumulated Archard factor density P Wð0Þ at the interface centre (x ¼ 0) during transition from hertizian/elliptical to flat formulation was developed as shown in eq. (4) [43] .
Initially, with no wear at the interface, the Archard factor density W HðiÞ for hertzian approximation at x ¼ 0 assumes that both contact area a (i) and pressure are retained constant with the relative sliding δg ðiÞ ( Fig.   7 (a) ) [44] . Further wear during the ith cycle results in the significant modifications at the interface in addition to contact area extension. Therefore the hertizian distribution of the Archard factor density now transforms in to the elliptical distribution W EðiÞ ; but, with the extended contact area a (i) and the relative sliding δg ðiÞ (Fig. 7 (b) ). Here it is assumed that dissipated Archard factor density at x ¼ 0 for both hertzian and elliptical distribution is the same (i.e. W HðiÞ¼EðiÞ Þ which is formulated according to standard classical solution of contact between a sphere (i.e. the ball) and a half-space (i.e. the scratched coating) [43] as shown in the first part of eq. (4) on the right hand side.
It has been shown in the experimental work presented here, that the Archard parameter distributions become quasi-flat shaped W FðiÞ after few hundred cycles (Fig. 7 (c) ). During the ith cycle the flat contact formulation of dissipated Archard factor density at x ¼ 0 is shown in the second part of eq. (4) on the right hand side [43] . Table 4 The post synergistic-test SEM images of the wear tracks widths for both Ni/GPL and steel 1020 under all the three lubricating oil conditions. Fig. 5 . The evolution of corrosion rates K C of both Ni/GPL and steel 1020 without wear.
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Where W ðiÞ and a ðiÞ are the Archard factor dissipated and contact radius of the hertzian, elliptical and flat contacts at the ith cycle. The Archard loading factor density W HðiÞ¼EðiÞ ð0Þ assumes that the relative sliding δg ðiÞ remains lower than the contact radius a ðiÞ (i.e. δg ðiÞ < a ðiÞ ) at a certain normal force applied P. The contact radius a ðiÞ for the ith wear cycle is given as [43] , 
Where, a ft and i ft are the critical contact radius and critical cycle respectively, R is the radius of the ball, L is the axial length of the ball/ coating contact, ν 1 and ν 2 are the Poisson's coefficient of the coating and the ball respectively, E 1 and E 2 are the Young's modulus of the coating and the ball respectively. Less than a critical degradation (a (i) < a ft ) and critical cycle ði < i ft ), the Archard factor density value is shown by hertizian/elliptical approximation, while higher than a substantial degradation (a (i) > a ft ) and critical cycle i ft , the flat approximation is taken.
It should be noted that Young's modulus of coating E 1 in eq. (5) is related to the coating surface stress σ c (0) at the centre of wear scar (interface) and coating surface porosity P s at the centre of wear scar as: [45] .
Where γ s in eq. (6) is the stress sensitivity coefficient [46] .
In Eq. (6) σ c ð0Þ is the biaxial surface stress of the coating at the centre and is given by using Hooke's law given in eq. (6) (a). The residual stress at the coating surface develops when during the wear-cross testing, the coating system with coefficient of thermal mismatch of coating and substrate α c and α s respectively is subjected to the temperature change ΔT from its fabrication temperature. Where E 1 , E 3 and α c , α s in eq. (6) (a) are the elastic moduli and coefficient of thermal mismatch of coating and substrate respectively; h c (0) is the thickness of coating at the centre of the wear scar; t b dictates the location of bending axis and ζ r is the radius of curvature of coating-substrate system due to residual stress [47] . The average maximum grain size D max of the nanocomposite coating as a function of porosity P s and volume fraction (f) is [48] .
Fig . 6 . The evolution of wear rates K V without corrosion for both Ni/GPL and steel 1020 under uncontaminated oil lubrication condition (Medium-I) only. The wear depth profiles at different ith wear cycles of Ni/GPL and steel in addition to 3-D interferometric image indicating the type of wear delamination. The Table also shows the computed wear depth kinetics profiles corresponding to wear profiles at different ith wear cycles of Ni/GPL.
Fig . 7 . Sketch of the evolution of analysed Archard factor density P Wð0Þ.
Where β and m represent the material constants. The D max and D o are defined as the sizes of grains after the wear deformation and before the wear deformation respectively. The D o is usually the grain size at that particular time when the coating is deposited. The above eq. (7) is derived on an assumption that the particles always remain intact with the grains boundaries even under extreme external pressure which means that D max is independent of the effect of debris.
Volume loss owing to wear
The accumulated Archard factor P W(eq. (4)) is now utilised to carry out the local investigation of a ball/coating contact. Such analysis involves the formulisation of contact radius evolution. Considering the spherical shaped ball, the wear volume V W (mm 3 ) is formulised according to geometrical considerations in Fig. 8 as [44] :
Where h (mm) is the wear depth. The wear volume V W (mm 3 ) is also related to the wear rate K V (mm 3 /Nm) and accumulated Archard factor P W(Nm) as:
Volume loss owing to corrosion
The biaxial surface stress σ c ð0Þ (eq. (6) (a)) of the nanocomposite coating at the centre of the wear scar can be written in relation to the current density J ! (A/mm 2 ) by using a famous Butler-Volmer expression as [49] :
The current density J ! (eq. (10)) is a function of corrosive electrochemical reactions combined with surface stress σ c ð0Þ (eq. (6) (a)).
Where according to the relaxation process of nanocomposite coatings, the intrinsic deformation always occurs in the first five atomic surface layers, whereas most of the atomic layers in the coatings remain undeformed [50] therefore h s is the thickness of the five atomic surface layers which are directly in contact with the lubricant centre of wear scar ( Fig.  9 (a) ) and h c is the thickness of all the atomic layer of nanocomposite coating at the centre of wear scar, j o is the equilibrium exchange current density, V m represent the molar volume, Z is the number of electrons transferred, α indicates the charge transfer coefficient.
The rate of electrochemical reactions on the coating surface can be controlled by the magnitude of surface stress σ c which can be either compressive or tensile stresses. The volume loss of coating is directly influenced by the current density of the electrochemical reactions.
When the thickness of all the layers of nanocomposite coating approaches as: h c →∞ (Fig. 9 (b) ), that is, for the bulk materials (like steel), then eq. (11) can be given as:
The corrosion current density J ! bulk can be used to calculate volume loss of bulk materials.
The volume loss of nanocomposite coating owing to corrosion V C (mm 3 ) can be calculated by using eq. (10) and incorporating it with the Faraday equation. Faraday's law states that volume loss owing to corrosion is a function of corrosion current density J ! as:
where K is the electrochemical equivalent of specimen material, A s (mm
) is the area of the specimen, t (sec) the corrosion time and ρ (g/ mm 3 ) is the density of the nanocomposite coating material. Eq. (12) can be used to measure the corrosion rate K C (mm/year) of nanocomposite coating as:
Synergistic wear-corrosion effect formulation
Synergistic wear-corrosion is "the complex phenomenon combined with mechanical wear and electrochemical factors" and is written as: [51] ,
The synergistic wear-corrosion volume loss V is normally written as the summation of mechanical wear volume loss V W without corrosion (eq. (8)), the corrosion volume loss V C without wear (eq. (12)) and the synergistic factor S [51] .
where ΔV W is the change in corrosion volume due to wear and ΔV C is the change in wear volume due to corrosion.
where V WT is the total wear component of V.
where V CT is the total corrosion component of V. It should be noted that the effect of corrosive compounds on the sliding wear response has not been considered in this model. Solving eqs. (8), (12), (14)- (17) gives the corrosion current density of nanocomposite coating as a function of synergistic wear and corrosion parameters as: Fig. 8 . Schematic of volume loss owing to wear.
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Substituting eq. (18) in eq. (13) gives the synergistic wear-corrosion effect on corrosion rate of nanocomposite coating as:
Modelling results and discussion
To validate the reliability and accuracy of the developed model, MD simulations were conducted and compared with the reported experimental results. The second generation of reactive empirical bond order (REBO) potential [19] was used to simulate the Ni/GPL interactions with carbon steel ball via LAMMPS software [52, 53] . All crystals were simulated with the embedded-atom method potentials [54, 55] . Molecular statics framework was used to conduct all the simulation and conjugate gradient method was used for implementation [55] . The system utilises the NVE microcanonical ensemble boundary conditions [56] which keep the total atoms, volume and energy of system at a constant level. Fig. 10 is the MD synergistic wear-corrosion simulation model of Ni/ GPL and steel 1020. In the simulation, a nanocomposite coating and a counter ball consist of nanocrystalline Ni-matrix and carbon steel respectively. The x-axis is taken parallel to the surface of coating specimen while y-axis is taken normal to the surface as per the right-hand coordinate system. The xy-plane consists of a well-defined atomic arrangement of 1600 atoms set as 80 atoms/layer along the x axis and in a total of 20 layers in depth along y axis. For steel 1020, the above same arrangement of only Fe atoms is used.
A hemispherical carbon steel ball with radius of R ¼ 5 mm is initially indented in the top layer of Ni-matrix at a certain depth. Both carbon steel ball and Ni-matrix are surrounded by lubricating medium, the ionic transport and electrochemical reaction rate of which can be adjusted via Butler-Volmer parameters. After few hundred wear cycles, the ball tip starts wearing out the Ni-matrix with a sliding speed of 0.05 m/sec, same as the experiment. In order to avoid transferring of atoms between Nimatrix layers and ball tip, the ball is supposed to be relatively rigid.
In this work, wear-corrosion phenomena without plastic deformation are analysed. MD simulations were performed for attaining the material parameter value: 'm' for both Ni/GPL and steel 1020. Other material parameters were consulted from respective papers mentioned in Table 6 and were also experimentally verified. All the coating parameters strictly followed the condition that the thickness of coating was 10 μm, as was used in experiment.
The values in Table 6 are substituted in to developed synergistic wearcorrosion equations to simulate the synergistic wear-corrosion effecton corrosion rates (Fig. 11(a-b) ) and current densities (Fig. 12(a-b) ) in all three Mediums for both Ni/GPL and steel. The predicted corrosion rates ( Fig. 11(a-b) ) and current densities (Fig. 12(a-b) ) for both Ni/GPL and steel 1020 in all three Mediums were compared with and their respective experimentally measured values for validation. It can be seen that the predicted results and the experimental results show a close relation. Both corrosion rates and current densities were plotted with respect to time. As expected, the predicted corrosion rates for Ni/GPL and steel increased linearly while current densities stabilised after an initial increase as a function of time.
The simulation shows that the model slightly over predicts few data points, which slightly diverges these points away from the experimental values. This divergence however can be minimised by fine-adjustment of material parameter 'm' in Table 6 .
The discussions in this paper will now be focused on the effects of varying 'nano-mechanics parameters' such as percentage coating porosity, deposited grain size and thermal mismatch of coating on synergistic wear-corrosion behaviour of Ni/GPL. The predicted current densities for all three Mediums as a function of percentage porosity with respect to time for Ni/GPL are shown in Fig. 13 . Fig. 13 clearly shows that Fig. 9 . Schematic representation of atomic layers of (a) nanocomposite coating (for example Ni/GPL) and (b) bulk material (for example steel). the porosity directly influences the overall current densities of Medium-II and III, such that with the increase in percentage porosity from 2 to 6%, a significant rise of 21% and 42% in corrosion rates of Medium-II and III respectively is observed. However for Medium-I the increase in percentage porosity from 2 to 6% results in only 1% rise in corrosion rate. The significant rise in corrosion rates in Medium-II and III with increasing porosity compared to Medium-I is due to large transport of contaminants through pores towards the coating/substrate interface which reduces the adhesion. This reduced adhesion significantly accelerates the corrosion rates of Medium-II and III during synergistic wearcorrosion testing possibly due to weakly adhered debris reaction with contaminants. As Medium-II and III were contaminated therefore porosity increase in Ni/GPL resulted in significant rise in corrosion rates for these two mediums. Fig. 14 shows the influence of deposited grain size increase on the corrosion rates of Ni/GPL in all the mediums. It can be seen that as the grain size increased by 95% from 11.21 nm to 21.8 nm, significant rise of 24% and 51% in corrosion rates of Medium-II and III respectively is observed. However for Medium-I the increase in grain size results in only 2% rise in corrosion rate. The reason for significant rise in corrosion rates in Medium-II and III for large deposited grain size is that large deposited grain size exhibits severe cracking which promotes under coat oxidation, and grain pull-out during wear cycles. On the contrary, the small deposited grain size, which are finely dispersed in the Ni-matrix have superior metallurgical bonds preventing coating delamination and hardparticle pull-out. As Medium-I was uncontaminated therefore corrosion rate rise even for large deposited grain size was not significant. Fig. 15 illustrates the effects of change in temperature ΔT from the coating fabrication temperature on the corrosion rates of Ni/GPL in all the three mediums. The temperature change ΔT induces the residual stress due to the coefficient of thermal elastic (CTE) mismatch between coating and substrate [20] . The wear cycles under such conditions result in higher corrosion rate. Since the thermal mismatch coefficient of Ni/GPL (α c ¼ 13.3 Â 10 À6 K
À1
) is greater than that of steel substrate (α s ¼ 11.7 Â 10 À6 K
) [59] , the positive temperature diversification (ΔT ¼ 50 K) during synergistic testing leads to the development of compressive residual stress in the coating while the negative temperature diversification (ΔT ¼ À50 K) leads to the development of tensile residual stress in the coating [20] . The change in ΔT from À50 K to 50 K for Medium II and III results in 23% and 33% rise in corrosion rates respectively. For Medium-I only 1% rise in corrosion rate is observed.
The reason for sigmoid (S-shaped) curves for Medium-II and III at ΔT ¼ 50 K is that under compressive conditions the grain boundaries overlap [62] resulting in low corrosion rate initially before 6 h. However continuous compression under wear cycles beyond 6 h results in surface deformation causing film cracking leading to linear rise in corrosion rate which eventually stabilises after 10 h. Such sigmoid trend is not observed when ΔT ¼ À50 K because continuous tensile stress does not lead to severe cracking thereby avoiding significant rise in corrosion rate with wear cycles [63] . Medium-I did not show sigmoid behaviour at ΔT ¼ 50 K because of the contaminant free medium.
Conclusions
This work analyses the synergistic wear-corrosion performance of nanocomposite coating Nickel-Graphene (Ni/GPL) under pure and contaminated lubricating oil conditions, listed in Table 2 and compares it with un-coated steel 1020. Based on this analysis, a novel 2-D predictive model has been developed for predicting the synergetic wear-corrosion reliability of Ni/GPL and steel. The model is equally applicable to any kind of nanocomposite coating and bulk material such as metals.
The following points have been concluded from this study:
It was observed that for both Ni/GPL and steel the synergistic wearcorrosion effect was negligible in an uncontaminated oil medium. However, for the case of salt plus water contaminated oil medium, the effect of wear-corrosion was significantly evident in steel as compared with Ni/GPL. This is because Ni/GPL has compact and refined grain resulting in minimal transport of corrosive contaminants, water and oxygen which inhibits severe cracking avoiding under coat oxidation, and grain pull-out during wear cycles. Such behaviour of Ni/GPL resulted in small wt% loss compared to steel during synergistic wearcorrosion testing. The evolution of 'corrosion rates without wear' and 'wear rates without corrosion' for both Ni/GPL and steel showed far-better performance of Ni/GPL compared to steel. For the latter, the "U-shaped" wear profiles (Table 5) for maximum wear depth analysis showed relatively high normalised wear depth of steel. This behaviour was also evident by 3-D interferometric micrographs showing severe micro-cutting wear deformation in steel compared to less severe micro-ploughing in Ni/GPL. The "U-shaped" wear profiles were used to numerically compute the wear depth kinetics profiles for both Ni/GPL and steel showing the profile evolution beginning with typical elliptical shape reducing to the Hertzian contact and finally converging towards a quasi-flat distribution after 8000 wear cycles. It was found that the steel showed considerably higher decreasing rate profiles compared to Ni/GPL. A set of 2-D predictive equations based on the above experimentally computed wear depth kinetics profiles was developed. These equations were integrated with the nano-mechanics and electrochemistry equations to predict the energy distribution (Archard factor density) corresponding to wear depth kinetics profiles based on intrinsic mechanical parameters, such as the porosity, deposited grain size and thermal mismatch of the Ni/GPL. The predictions in all the three conditions of lubricating oil were in a good agreement with the experimental results and clearly indicated the elevation in corrosion rate of Ni/GPL with increasing deposited grain size, porosity and thermal mismatch. This study provides cutting edge holistic solution for predictive and preventative maintenance techniques applied to complex interacting tribo-systems for wear-corrosion synergism.
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